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SUMMARY

This report presents results of additionsl experimental effort
in the study of the initiation of laser-supported absorption (LSA) waves
on solid surfaces irradiated in air with pulsed laser radiation. LSA
waves may be -~lasaified as either supersonic, ao-called laser-supported
detonation (LSD) waves, or as subsonic, so-called laser-supported combus-
tion (LSC) waves. In either case, a hot-air plasma (1-2 eV) is formed
which propagates back up the lzso: beam away from the target surface and
absorbs meost of the laser-beam energy. The objective of this study is to
provide an ‘mproved understanding of the process of LSA wave initiation.
The experiments of the current contract deal exclusively with initiation of
I1SD waves; however, diagnostic techniques bein; developed and experisental
results being ocbtained may be directly applicable to the LSC problem.

During the first year of study, experiments weve directed toward
understanding tho mechanisms of initiation of LSD waves produced on
practical aluminum surfaces in air with the Battelle 75-jouie TEA 002 laser.
Results Iindicated that the initiation occurred at a large number of local
surface features (laminae and pits) on a very rapid time scale (30-60
nsec). Thermionic emission at these surface features was found to be a
viable mechanism for initiation of the local LSD-wave plasmas. Initial
studies of nonaetallic LSD-wave initiation showed that the initiation process
is also local for "firs:. shot" irradiations of acrylic plastic and fused
silica.

During this report period initial data were taken on the delay
time to initiation of LSD waves on nonmetallic materials. Measurements
utilized a modified ring electrostatic probe to detect the pnotoionization
of air at the time of initiation. For initial irradiations of acrylic
plastic, breakdown times are similar to those for aluminum 2024 (: 30 nsec).

Scanning electron microscope and target electron emission data
were recorded for aluminum 2024, tungsten, and lead samples irradiated at

atmospheric pressure. Initiation behavior of lead was fourd to be very

similar to that for aluminum 2024, while tungsten initiation delay times




wvere about 20 nsec longer. No damage was observed on the tungsten surface
at 2000X. Measurements of target emissjon at reduced air pressure were
performed for the aluminum 2024 samples. 'he increase in target voltage
with decreasing pressure wvas faster than predicted by a simple one-
dimensional diffusion-controlled model for the priming-electron spatial
distribution.

Charge collection measurements were performed in hard vacuum in an
attempt to determine the target—surface—emitted electron energy distribution
prior to initiation. Large background probe signals, apparently arising from
electrons photoemitted from the target surface after plasma initiationm,
rendered the results inconclusive.

Time-resolved emission spectroscopy measurements were performed
for irradiations of aluminum 2024 samples at air pressures ranging from 10.6
torr to 1 atm. Six aluminum lines were studied, including emissions
characteristic of both neutral ana on_e-ionized species. lonized aluminum

vapor emissions at the target surface were found to peak near the pressure

threshold for LSD-wave initiation (5-10 torr at 3.2 x 108 vatt/cm?) and drop

below the background bremsstrahlung level for pressures greater than 20 torr.
Time-integrated spectra were recorded in the range 2250 to 6500 A for
several metals in air pressures ranging from 10.6 torr to 1 atm. These

data have not yet been analyzed, however, typical spectre are presented.




AC KNOWLEDGEMENT

The authors wish ru gratefully acknowledge the excellent rechnical
assistance of Warren B. Nicholson in the laser irradiations and diagnostic
instrument.tion, Charles C. Moeller in the spectroscopy experiments, and
Roy R. White in the scanning electron microscopy.

i o o




AR INVESTIGATION OF MECRANISMS OF INITIATION
OF LASER-SUPPOXTED ABSORPTION (LSA) WAVES

by

C. T UHalters, R. H. Barnes, and R. E. Beverly IIl

INTRODUCTION

This is the third semiarnusl report of an experimental investigation
of initiation of laser-supported alsorption (LSA) waves in gases in fromt
of solid surfaces. Current contract efforts are limited tn experimental
study of initistion of sbsorption waves generated by short pulses, i.e.,
laser-supported detonation (LSD) waves, however, results wmay be appliicable

to hacr-:wportod combustion (LSC) waves in some cases. During the first
1,2)
ear

y , extensive studies of initiation of LSD waves in air in front of
practical sluminum surfaces with TEA (:02
mechanisa of initistion. The experimental data are coriistent with inverse-
bremsstrahlung heating of surface-emitted priming electrons in the air.

Thermionic or field emission at surface faaturze such as pits and laminre

laser pulses have revealed a viable

is velieved %o be the process for production of prising electrons for the
air breakdown. During the second year of reseerch, the universality of
this mechaniss is being studied in experiments designed to reveal initistion
mechaniswms on a variety of metallic and nonmetallic materials. Metallic
materials being studied include aluminum, titanium, tungstem, copper,
stainless steel, lead, aud certain metals having special surface preparatfons.
Nonmetallic materials include acrylic plastic, fused silica, cellulose
acetate, unfilled polymer coating, Pyroceram, potassium chloride, and
silicon. In addition, pressure messurewents are being performed in air

and vacuum to assess the effects of the LSD/blast wave on metallic and
nommctallic target response to the TEA laser pulse. Of particular interest
is the effect of time delay of LSD-wave initiationm.

* Reierences are listed on page 47.




RESEARCH DETAILS

Timing Probe Development

A xey measurement in the assessment of 1L.SD-wave initiation is
the measurement of breakuown time, i.e., the time interval between the
time at which laser radiation first arrives on the target surface and the
time 2t which an absorbing plasma is observed. From research durinj the
first year, it was found that the ultraviolet-radiation-induced precursor
pulse or an electrostatic probe placed near the interaction region is a
good indicator of breakdown time. Some effort during this research period
was devoted to designing & timing probe based on this principle which
would be compatible with nonconducting target material and other diagnostics.
initial efferts with an asymmetrically locateé probe revealed insufficient
sensitivity and a new ring probe assembly was constructed. The new probe
has seasitivity similar to that of the original electrostatic ring probe(l)
but is comparible with, and attaches to, the target emission probe assembly
and may be used with ncnmetallic targets. Figure 1 shows scirematically
the target emission probe assembly with rhe new electrostatic ring probe
attached. The probe itself is constructed of 0.102-cm-diameter copper
wire bent into a ring having 1l.35-cm inside diameter. The distance between
the plane of the ring and the target surface {s adjustable. The circuitry
used for the probe is identical to tha: presented in Figure 10 of Reference (1).
Several irradiations were performed on aluminum 2024 at atmospheric
pressure to confirm operation of the probe consistant with previous work.
Figure 2(a) illustrates probe response for a pcsitive bias of 20 volts and
peak power density of 5.8 x 108 watt/cm2 While the shape of the voltage
trace is differen: from that shown in Reference (1), the essential features
indicative of plasma initiation and blast-wave arrival remain. On the trace,

the first rise of probe current results from photoionization cf gas around

the probe by ultraviolet emission from the LSD plasma. Shape and voltage
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(a) Aluminum 2024, V. = 420 v, G = 5.8 x 10° wact/cn?
(500 Ivlc-inverged, 100 nsel/cm)

(b) Acrylic Plastic (first sbot), V = 424 v, G = 3.5 x 108 vatt/cn2
(200 mv/cm-inverted, 100 nsec/ch) P

(¢) Acrylic Plastic (second shot), V. = 424 v, G = 3.5 x 108 vatt/cnz
(200 mv/cm-inverted, 100 nsec/cm¥ P

FIGURE 2. INITIATION TIMING PROBE RESPONSE



level differences resvlt from differences in ring diameter and location.
Measured initiation times of 25-30 nsec for 5.8 x 108 watt/c-2 agreed quite
well with previous aluminum 2024 data.

During this period the first initiation timing measurements were

made for nonmetallic targets. Figure 2(b) and (c) present probe responses

8 wntt/clz peak

for the first and second shot on acrylic plastic at 3.5 x 10
power density with +24 volts prohe blas. First appearance of probe current
occurs 25-30 nsec into the laser pulse at this intensity for to three
pulses on the same surface. Blast-wave arrival times (not seen in the figure)
were of order 1.8 usec. An interesting prompt bias effect is seen on the
first-shot only (Figure 2(b)) which is not seen in the metallic results.

If the first shot initiation involves thermionic emission of electrons from
isolated metallic debris, as discussed in Reference (2), then the absence

of a conducting target surface would result in higher space-charge-induced
currents in the probe. This effect is absent or reduced in subsequent shots.
Of particular interest will be probe response at lower intensities where a
second shot does not iniciate an LSD wave on acrylic plastic. During the
latter part of the program, a complete series of initiation timing experiments

will be performed for nonmetallic materials.

Scanning Electron Microscopy

Much of the effort during this research period was devoted to
intensive study of initiation on three metals, aluminum 2024, tungsten, and
lead. Although the spectroscopy covered all of the metals of interest,
tungsten and lead were of particular interest because of widely varying
properties which might play a role in LSD-wave-initiation processes. Table 1
presents handbook values for these properties for elemental metals of
interest. Tungsten was selected in an attempt to verify prompt LSD initiation
under conditioas where vaporization was unlikely. Lead was chosen to enhance
vaporization; however, as can be seen in the table, thermioric emission is

also enhanced in this case. Additional metallic studies will be performed

in the latter part of the contract to induce a vapor-dominated initiation.
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TARLE 1. HANDBOOK METAL PROPERTY DATA

Melting Vaporization First Ionization
Work Function, Temperature Temperature, Potential,
Metal ¢(ev) T-(C) TV(C) I(evV)
Al 3.7-4.7% 6690 2520 5.99
cd 4.0-4.22 320 767 8.99
Cu 4.4-4.6 1083 2566 7.73
Mg 3.66 650 1090 7.6%
Mo 4.2-4.4 2617 4607 7.10
Ti 4.0-4.45 1670 3289 6.82
W 4.5 3380 5555 7.98
Zn 4.2 420 911 9.39
Pb 3.49-3.83 327 1750 7.42

From previous werk with practical aluminum 2024 surfaces, small
surface features were found to be sites of plasma initiation. To provide
some characterization of the lead and tungsten surfaces, additional scanning
electron microscope (SEM) examinations were performed. Selected areas of
aluminum 2024, tungsten, and lead samples were recorded before and after irra-
diation with one pulse at atmospheric pressure. The aluminum 2024 and lead
samples were exposad to a peak power demsity of 2.14 x 108 watt/cnz, while
the twu.gsten sample was exposed to 3.2 x 108 watt/cnz. These intensities
were well above LSD-wave threshold as observed photographically. Repre-
sentative SEM records are presented in Figure 3. Figure 3(a) and (b) 1llustrate
typical before and after views of an aluminum 2024 surface that has initiated
an LSD wave. Evidence of lamination heating to the melt temperature may be
secn near the center of the SEM record. General appearance and frequency
of various damage sites in the series of aluminum records is similar to

that observed previously. Figure 3(c) and {d) show SEM records for the

R e o e b it
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() Aluminum 2024 after irradiation, G, = 2.14 x 10% watt/ce?

FIGURE 3. SEM RECORDS BEFORE AND AFTER ONE PULSE AT AT™OSPHERIC PRESSURE
(2000x)
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(¢) Lead before irradiation

(d) Lead after irradiatiom, Gp = 2.14 x 108 wattlcuz

FIGURE 3. (Continued)
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(e) Tungsten before irradiatiom

8 vnttlclz

(f) Tungsten (typical) after irradiationm, Gp = 3.2 x 10
FIGURE 3. (Continued)
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lead surface. Some areas showed exteasive bulk surface rippling and melt

ile others shcwed mostly defoct-oriented damage as shown in the figure.
Clearly evident are ridge, covered pit, and covered groove defect heating
regions. Preservation of certain defect details on a surface with such
a low melt temperature is indicative of prompt initiation of a protective
LSD wave. SEM results for tungsten are illustrated in Figure 3(e) and (f)
which show records at different but typical areas on the surface (absence
of distinguishing features on the relatively smooth tungsten surface made
relocation of the original area difficult). No posiiive indication of
melt was found in any of the postirradiation examinat ons of tungsten
although the sample did cause a prompt (less than ){U nsec) initiation
of an LSD wave. S.rface features are evident in the SEM records, but
without observed damage, the extent of local heating and the LSD initiation

site density cannot be estimated.

Target Electron Emission Measurement

Atmospneric Pressure Experiments

(1)

Using the target voltage technique which was developed earlier >
electron emission currents were measured for Al 2024, tungsten, and lead
targets at atmospheric air pressure with various 002 laser irradiances.
Aluminum 2024 target voltage was also studied as a function of air
pressure down to 10-6 torr. The experimental arrangement was identical
to that shown in Figure 12 of Reference (1) (or the arrangement of Figure 1
of this report with the electrostatic probe removed) and consisted of a
target mounted on an aluminum or brass table which is connected to a
standard 50-Q ccax cable through a 50-Q terminator. The coax cable
was fed directly to an oscilloscope where it was terminated with 50 Q.
The shield structure around the target was grounded through the cable

shield.

13




Some reinterpretation of the target voltage trace was rzyuired
a8 a result of more detuiled study of the effect of target plane relative
to the ahield surface. The effect ¢f target plane location is illustrated
in Figure 4 which ahows target voltage for three shots on the same

8 watt/cnz with the target plane at three

target (brass) at 2.14 x 10
different levels relative to the shield surface parallel to the target
plane. As can be seen, the earlier part of the signal i3 independent of
target plane position and is believed to result from thermionic emission
of electrons into the un-ionized air prior to LSD-wave plasma initiation.
After plasma initiation, the intense ultraviolet radiation photoionizes the
air surrounding the plasma and currents are driven by the space charge field of
electrons deposited in the air by thermionic emission and surface photoemission.
The latter process probabiy dominates electron emission after plasma
initiation. As can be seen in the figure, the geometry of thYe current
flow affects the target voltage. For a target 1 mm above the shield,
a conduction path to the shield !s not immediately available and the
measured current drops as presumably charge flowing back to the target
offsets some of the photocurrent. For a recessed target, there is a
conducting path to the shield and net target emission increases at the
time of piasma initiation. This effect was alluded to previously, however;
a more definitive treakdown time appears to be indicated in the present
work. Since the change in target voltage slope is gresa.est for a target
plane above the shield surface, this geometry was us:d in all of the
experiments discussed below.

Standard-sized targets of aluminum 2024, lead, and tungsten were
preparei and mounted on target holders as shown in Figure 1. The
aluminia targets were irradiated at atmospheric pressure with veak power
density in the range 0.5-5 x 108 watt/cm2. A fresh target was used at
each intensity level and target voltage records were obtained for several

8

shots on the same target. A typical voltage record at 3.2 x 10 watt/cn2

for aluminum 2024 is shown in Figure 5(a). A photon drag detector was
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(a)

(b)

Aluminum 2024 (10 wv/cm, 20 nsec/cm)

Tungsten (5 mv/cm, 20 nsec/cm)

FIGURE 5. TARGET MSSIQN RECC AT ATMOSPHERIC PRESSURE,

G
P

= 3.2 x 10" watt/cm
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used to trigger the oscilloscope and a time calibratior trace of the
photon drag signal is recorded for each laser intensity level. Using
this technique error in event timing is believed to be less than 4 nsec.
The time that radiation first reaches the target is defined by extra-
polation of the linear rise portion of the photon drag detector signal
to zero intensity and subtracting 10 nsec from the time so defined.
This start time occurs at 55 nsec in the records of Figure 5. For the
aluminum 2024 record of Figure 5(a), emission current rises sharply
beginning at about 17 nsec into the laser pulse and levels off sharply
at 30 nsec, the assumed point of initiation. Very little effect of
pltiple shots on the same surface was observed, as expectea for atmospheric
pressure irradiations of metallics.

Lead and tungsten targets were also exposed to the same irradiation
conditions. Breakdown times -nd emitted currents for lead werc similar
to those for aluminum 2024, while tungsten exhibited marked differences
in behavior. A typical trace for tungsten at 3.2 x 108 watt/cnz is
shown in Figure 5(b). The current begins to rise about 21 nsec intc
the pulse and breaks over at about 50 nsec into the pulse. Breakdown
times for all of the irradiations are presented in Figure 6 along with
a line indicating time required to deliver a comstant energy deasity.
The aluminue 2024 resi lts agree quite well with those presented previously
based on electrcstatic probe measurements. Breakdown times for lead agreed
fairly well with those for aluminum 2C24 over the range of intensities
studied. The low work function for lead may well account for the prompt
initiation. Tungsten, however, exhibited considerable delay in initiation
relative to aluminum 2024 and lead, which might be attributed to a
relatively high work function. The delay might also be a result of a
lower initiation site demsity.

From photographs taken during the target emission experiments the
threshold for strong LSD-wave initiation was between 1 and 2 x 108 watt/cnz

while plasma threshold was less than 0.5 x 108 watt/clz. The lead and

aluminum 2024 LSD-wave thresholds wvere near (.5 x 108 wgtt/clz. These
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thresholde are consistent on a relative scale with threshold data given
by 8111(3)

is particularly evident in Figure 7 which shows a measure of emission

for the same materials. The higher threshold for tungsten

current just prior to breakdocwn as determined by the method discussed
above. The dependence of emission current on radiation intensity is not
yet understood but it is of interest to note that the emission current

is =bout the same for the three materials at LLD-wave initiation near
threshold. This wight be coincidental because the local current density
at initiation sites may differ significantly. The magnitude of the

total net surface emission current may be estimated by the methods of
Reference (1). The measured current near threshold corresponding to 4-mv
target voltage was 0.16 ma. The emitted electrons diffuse to a character-
istic distance from the surface given by the Debye shielding distance, h.
The true surface current may be related approximately to the measured

(1)

current by

I = 1 1

surt probe nfa . 2(£)3

ajlb 51b

for h << a < t, where a is spot radius and b is target radius. The
Debye length is given by

T 1/2

h = 6.90 cm |,
n
el

where T is electron temperature in degrees K and n, is electron number
deneity in cn-3. For an electron temperature of 3000 K and density of
1013 cn-3, h = 10-4 cm. For this case, the 4-mv target voltage would
corresoond to an emitted current of order 1 amp. Detajled arguzents
based on observed defect site density and size must be used to infer a
local current density, but values of the order 103 amp/cm2 do not appear

(4)

unreasonible. Thomas, et al. have shown that the thermionic emission
motel is viable with one-dimensional calculations for aluminum. More refined
calculations with several different materials and output relatable to experi-

mentil observables appear warranted.

19
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Vacuum Experiments

Target emission measurements were z2lso performed for aluminum
2024 samples over a range of alr pressures down to 10-6 torr. In one series

a single samplc was exposed to several shots at a constant peak power

density of 1.28 x 108 2

watt/cm2 at successivaly lower pressures down to 10°
torr. Figure 8 shows peak target voltage and target voltage at breakdown
inferred by the method described above. The solid curve shows an approx-
imately linear rise in terget voltage at breakdowu with decreasing pressure.
At atmospheric pressure the latter voltage is also the peak voltage. Below
400 torr the peak voltage (dashed line) occurs near the laser intensity

)eak and is believed to result from surface photocurrents. Time-irtegrated
photography indicated a luminous region extending back '» the beam direction
for all shots down to, anu including, the 10 torr condition. The length of
the luminous region increased with decreasing pressure as a result of

higher LSD-wave speeds. Definitive breakdown times were apparent in the target
voltage records only for pressures greater than 50 torr. For this pressure
rang:, there was a finite, but small, decrease in breakdowvm time with
increasing pressure as indicated in the figure.

The approximately linear increase in target voltage with decreasing
pressure is not explainable on the basis of a simple one-dimensional model
for the diffusion of emitted electrons. In this model the maximum electron
density in front cf the target (for constanc emitted current) is related to

(L)
the electron mobility, He® and neutral atom density, n o by

-2/3 2/3
RS n

e e n
Using this relationship in the Debye length formula yields the result that

-1/3
n

a

h -~

v b E - n-ll3 for constant surface current. This is a much
probe

or Iprobe n

weaker dependence on neutral Jensity than observed in Figure 8. In the actual




case three-dimensional electromn diffusion near emitting sites may lead to

much stronger dependence of the Debye length on neutral demsity as
apparently observed.

The very steep rise in photocurrent with decreasing pressure is
not easily analyzed. The change 1ikely results frum increased mean-free path
of the ultraviolet radiation from the plasma which incresses both the surface
photocurrent and the conduction current to the shield. It is observed that
the photocurrent persists at pressures below the pressure threshold for LSD
wave at this irradiance condition, 10 torr. This would be expected if a plasma
in the vapor occurs, as appears to be the case inferred from spectroscopic

results.

Charge Collection Mewsurements in Vacuum Irradiations

As discussed abcve, electron emission from the target surface
prior to LSD-wave initiation has been observed. Since both thermionic and

(4)

teld emission could result in the observed currents , electron energy
measurements were performed in vacuum irradiations in an attempt to
differentiate the two types of c-~ission. A secondary result of the meas-

urements is ~n estimate of the vapor plasma temperatv.e.

Theory of the Measurexent

Puell(s) has derived expressions for the electron temperature,
the expansicn eneigy of the ions. and the total particle number in the
plasma as a function of laser radiation intensity. The model assumes
self-similar hydrodynamic expansion from a planar surface due to a
continuous heating process and considers the finite focal spot size. Laser
eaergy 1s deposited thermally in the electron populaiion. In an

asymptotic expansion all of the thermal energy 1s transformed into kinetic

22
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energy (neglecting radiative effects and conduction losses). Because of
charge neutrality and because of the small mass of the electrons, this
energy is carried entirely by the ions. The expansion energy is found
4/9

proportional to ¢ » vhere ¢ is average power density, and assuming the

plasma to be a monatomic gas, the average expansion (kinetic) emergy is
related to the electron temperature by

!1 =5(Z+1) kTe ’

vhere Z is the average ion charge.

This result differs slightly from the result for a free adiabatic
(6)

expansion. Here the asymptotic wean square ion speed is related to the

acoustic velocity by

wvhere the acoustic velocity is

(z+1) kTe

¢ =y —-t :
8 .1

Y 18 the ratio of specific heats, and m, is the ion mass. Hence, for a

monatomic gas (y = %).

= 1 2 10 =
Ei 7 V1 -3 (z +1) kTe
Fast electrons, if obeying a Maxwell-Boltzmann distribution,

would have a normalized speed distribution given by

n, |3/2 5 _-ev2/2 kTe

27 kT va ’
e

N(v) = 41(

where the speed v is in ca/sec and le is the electron mass in gm. The most
probable speed of an electron is

2 k1 (1/2
e
Vo-(u) ’
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having a corresponding energy Ee = %.‘evoz = kTe. Since the average

electron energy is

— 3
Ee > k'l‘C ’

then the most probable spred is related by

2
v

E = 9
¢ 2.35 x 10!

5 1]

where E; is in eV and v, is in cm/sec.

Experimental Arrangement

Charge coliectica measurements were performed using a modified
Faraday cup probe. The target-to-probe distance was usually 25 cm, and the

probe was oriented 22 1/2° from the target normal. Since the laser beam

was incident at 22 1/2° to the other side of the target normal, the

angle between the laser beam axis and charge collection probe was 45°.
The probe consists of a plate collector, biased to either + or - 25 volts,

surrounded by a grounded housing tube. The entrance arerture is 0.56 cm

in diameter, and a perforated stainless steel grid (also at ground potential)

is locited 0.25 cm in front of the plate. The grid transmission is > 40%.

The plate is biased through a 2-MQ resistor, and the output is coupled

through a 0.1-uf capacitor. A termination resistance of 500 was used at

the input to the TEK 551 dual-beam osci.loscope. Both beams were employed

in the measurements. One trace was set at a normal sensitivity depending

on the peak signal, while the other trace was set five times as sensitive

in order to resolve any precursor signal prior to the arrival of the
plasma at the probe. An equivalent AC circuit aaalysié7) of the probe
shows that negligible integration of the signal occurs.

When the probe is negatively biased, the velocities of the ions

distance d. The average kinetic energy is given by

% are determined by time--of-flight weasurements over the target-to-probe
k 25
:
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